Introduction
In bi-substrate enzymatic reactions mutual alignment of substrates against one another prior to catalysis is a major factor in catalytic rate enhancement. Thymidylate synthase (TS) closes around its substrates to sequester and orient them in a major conformational change evoked primarily by binding CH 2 H 4 folate (Kamb et al., 1992) . This change is also dependent on the carboxy terminal COO − group on the enzyme . Thus mechanisms by which both substrates are bound and oriented prior to catalysis are under selective pressure for optimization. Yet such mechanisms for binding can rarely be delineated by structural analysis. Three structures of thymidylate synthase elucidate mechanisms of bi-substrate binding and suggest mechanisms by which selective expulsion of products takes place.
Intermolecular reactions are catalyzed most effectively by the remarkably high effective concentration of reactive groups on the substrates once bound correctly such that catalysis becomes effectively an intramolecular reaction. This contribution to enzymatic reaction rate is entropic, and the rate enhancement, relative to the rate at which the same reaction would take place in solution, can be estimated by calculating the entropy change due to fixation of the second substrate against the first (Page and Jencks, 1971; Fersht, 1985) . In TS, mutual orientation of substrates is followed by methylene transfer of (CH 2 ) 11 of CH 2 H 4 folate to C5 of dUMP, and finally by hydride transfer from cofactor to the transferred methylene to form the products dTMP and the oxidized form of the cofactor, H 2 folate . Conformational changes accompany each step of this reaction, as revealed by comparison of crystal structures of unliganded enzyme, substrate-bound binary complex, cofactor-bound binary complex, and ternary complexes with both substrate and cofactor bound to the enzyme (Montfort et al., 1990; Matthews et al., 1990b; Kamb et al., 1992; . The largest conformational change occurs when cofactor binds. Thus CH 2 H 4 folate-bound TS generally crystallizes in different crystal forms than unliganded or nucleotide-bound TS. When cofactor (or anti-folate analogs) is soaked into crystals of TS·dUMP, the crystals usually crack or dissolve. The presence of cofactor shifts the equilibrium from the initial loose ''adsorption'' ternary complex in order to stabilize a tight, covalent complex where the active site cysteine becomes bonded to C6 of dUMP through Michael addition (Ivanetich & Santi, 1992) and the 11-methylene group of CH 2 H 4 -folate is bonded to C5 of dUMP. With antifolates such as CB3717, TS can be trapped after the Michael addition at C6 of dUMP (Montfort et al., 1990) or prior to addition (this work). The covalent complex of TS with CH 2 H 4 folate and an analog of the substrate, FdUMP, becomes a covalent transition state analog (Matthews et al., 1990b) .
The three-dimensional structures of three steps in alignment of dUMP and either folate or antifolate show ligands bound to TS prior to complete closure of the active site cavity and after enzymatically catalyzed product formation in the crystals. These structures define a mechanism for sandwiching substrate and CH 2 H 4 folate, and a mechanism for selective expulsion of products.
Results

A structure approximating initial ternary complex formation
To determine the structure of a product complex, data were collected on a wild-type TS·dUMP co-crystal showing the least topical damage after soaking with folate cofactor. The resulting complex revealed from the X-ray analysis, however, approximates an initial interaction of folate with TS·dUMP where the pterin moiety of the folate molecule retains a closed imidazolidine ring and binds at an alternate site (Figures 2(a) and 4(a)). The torsion angles relating the pterin and PABA rings, N5-C6-C9-N10, C6-C9-N10-C11, and C9-C10-C11-C12, are 39°, 108°, and 152°, respectively, compared to torsion angles of 030°, 050°, and 0180°for bound folates with no imidazolidine ring (Matthews et al., 1990a) . In other words, the two conformations differ primarily by a 050°rotation about the C9-N10 bond. In addition, the entire cofactor is shifted towards dUMP by 2.5 Å . This conformation for CH 2 THF places the pterin and imidazolidine rings close to, and overlapping, the binding of the quinazoline moiety of folate analog CB3717 for an Escherichia coli wild-type TS ternary complex formed under non-reducing conditions (Montfort et al., 1990) . In this case the complex was formed under reducing conditions via the addition of DTT to the crystallization and cofactor solutions, which leads us to conclude that this alternate site may be mechanistically important rather than an artifact due to the oxidation of cysteine residues.
A form (Figure 1 ) of the pterin with a closed five-membered imidazolidine ring, including a C11-N10 bond, could best be refined at this position to match the X-ray data. The reduced pterin is surrounded by the side-chains of very highly conserved hydrophobic residues, Ile81, Trp82, Trp85 and Leu195. The exocyclic oxygen and amine of the pterin can make hydrogen bonds to His199. The exocyclic amine may also hydrogen bond to an ordered water molecule (Figure 4(a) ). With the pterin at this position the pyrimidine base is pushed farther away from the protein, prohibiting covalent attachment. The nucleotide, however, is in an anti conformation and the ribose positioning is stabilized by a hydrogen bond between the O3' atom and the hydroxyl group of Tyr261, as in other binary and ternary complexes of TS. Water molecules replace the pterin at its normal productive binding site. The PABA ring may form hydrophobic contacts with residues Phe228 and Ile81, and is perpendicular to the Phe228 side-chain. The methylene carbon Figure 1 . Chemical structures of anti-folate CB3717, dihydrofolate (DHF), and 5-methylene tetrahydrofolate (CH2THF) with a closed imidazolidine ring. The exocylic hydroxyl oxygen atoms for the quinazoline and CH2THF pterin moieties were considered to be ionized during X-PLOR refinements. Figure 2 . ''Wall-eyed'' stereo drawings of LCTS active sites with ligands: 2.5 Å Fo − Fc omit map densities for the ligands are shown. Ligands and water molecules were removed and protein was subjected to positional refinement to eliminate phase biases. (a) LCTS·dUMP·CH2THF substrate complex (map contoured to 2.3s). (b) LCTS·dUMP·CB3717 folate analog complex (map contoured to 2.3s). (c) LCTS·dTMP·DHF product complex (map contoured to 2.0s). Water molecules are depicted as filled spheres. Each figure was rendered using the MOLSCRIPT graphics program (Kraulis, 1991) . Figures 3 and 4 were created using the MIDAS graphics display system (Ferrin et al., 1988) with space-filling rendition (Huang et al., 1991) . atom C11 faces, at a distance of 4.4 Å , the C5 atom of dUMP to which it is transferred at the time of the opening of the imidazolidine ring to form an open pterin. Aside from the adjustment of the dUMP base orientation, the pterin binding at the alternate site does not appear to alter the over-all structure of the active site cavity very much and the C terminus is pulled towards a ''closed'' position (Table 1) . A hydrogen bond between the side-chains of residues Cys198 and Arg218 is observed, polarizing the reactive thiol group of Cys198. The guanidinium group of Arg23 helps to coordinate the dUMP phosphate, and also interacts with the C terminus, mediated by a water molecule.
The binding of the pterin at the alternate site is probably responsible for the lack of product formation within the co-crystal, since no structural evidence of dTMP formation could be found. This would be characteristic of a treated crystal showing only minimal lattice disruption. Difference Fourier electron density maps also suggest binding of the pterin at the normal site at some occupancy, but it has not yet been determined whether the imidazolidine ring has opened in the folate that is bound there.
A folate analog ternary complex structure mimics a stage in the TS reaction just preceding catalysis
The LCTS·dUMP·CB3717 active site structure shows the ligands in orientations favorable for the initiation of catalysis. The L. casei † enzyme presents itself in a conformation where the C terminus is moved into, and partially closes, down the active site and sequesters substrates from solution (Figure 4(b) ). The dUMP nucleotide is in the less constrained anti conformation normally found in TS ternary complexes. Its phosphate is coordinated by Arg218, Arg23 and Ser219 of one monomer (Table 2) and Arg178' and Arg179' of the other monomer. The plane of the pyrimidine base runs almost parallel to that of the quiniazoline ring of the CB3717, with some overlapping of the planar ring systems (Figure 3(b) ). Unlike ternary complexes formed by co-crystallizations, the nucleotide is not covalently attached to the protein. The C6 atom of the pyrimidine base lies more than 3 Å from the reactive thiol of Cys198 and difference electron density maps do not suggest covalency. This allows the pyrimidine ring to lie closer over the quinazoline ring than for the corresponding E. coil complex (Figure 3(b) ).
The CB3717 molecule makes many of the same electrostatic and hydrophobic contacts with the protein observed in E. coli TS ternary complex co-crystals. The glutamate residue of CB3717 makes electrostatic contacts to basic residue Lys50. The PABA ring moiety lies under and angled to the side-chain of Phe228 and is surrounded by hydrophobic residues Ile81, Gly225, and Leu224. Isoleucines 57 and 81 along with Phe228 cluster over the PABA and propargyl moieties of the folate analog. The propargyl moiety points towards the Phe228 side-chain and lies above the pyrimidine base. The quinazoline ring is surrounded on one side by the aromatic side-chain of Trp82 and Trp85; however, the indole groups are not close enough to make direct contacts with it. The quinazoline rings points in a direction towards the C terminus and the Arg23 guanidinium group, and away from the glutamate moiety to give the folate analog molecule a roughly trans configuration. As in the E. coli TS co-crystals the exocyclic amine of the quinazoline ring can hydrogen bond to the backbone carboxyl oxygen of Ala315 (3.4 Å ). The Tyr261 side-chain hydroxyl and the O3' atom of the nucleotide ribose (Figure 4(b) ) are also close enough to the exocyclic amine to hydrogen bond to it. This helps to stabilize its positioning in the active site. N 1 of the pterin is hydrogen bonded to N h2 of Arg23, while in E. coli TS co-crystals an ordered water mediates the contact between N 1 and the guanidinium group of Arg23. In summary, the folate analog is stacked against the dUMP base and makes many of the same protein contracts as seen in the covalent E. coli TS·-dUMP·CB3717 complex, but there is no covalent bond formed between Cys198 and C6 of the substrate dUMP.
The enzyme/product complex, on the way to product release
Variable results occur upon the soaking of cofactor with wild-type TS co-crystallized with its substrate, dUMP, as judged by the deterioration of the crystals shown by data collection statistics. The source of this variation may be due to differences in the ease of diffusion of cofactor into binary co-crystals due to crystal size and minor fluctuations of room temperature (which may affect the viscosity of the crystallization solution), variables that were not controlled during the experiments. A more perturbed crystal structure represents greater conformational changes (from the binary complex) within the protein, which may be related to changes in ligand binding and orientation.
In one case, when cofactor is added to crystals of the TS/substrate complex, the products, dTMP and H 2 folate, are clearly present at the active site in the crystal structure. Analysis of the X-ray structural data reveals the conversion of dUMP and CH 2 H 4 folate to dTMP and DHF at the active site (Figure 2(c) ). Thus, the enzyme reaction may proceed at a slow rate even in the absence of complete closure of the active site cavity, after soaking of binary complex crystals of L. casei TS in low concentrations of cofactor.
The active site cavity is ''closed'' off by movement of the C-terminal residues (313 to 316) towards the active site region (Table 1 ). The terminal carboxylic acid forms a possible intermolecular contact with the dihydrofolate (DHF) pterin (Table 2 ). The C terminus forms a salt bridge with the side-chain of Tyr261. Like the other two ternary complexes studied, a water molecule hydrogen bonds to one of the terminal carboxylic acid oxygen atoms (Figure 4(c) ) to help anchor the C terminus.
Modification of the nucleotide does not disturb its over-all binding at the active site. The dTMP product is situated like the dUMP substrate with no apparent movement of the phosphate moiety (Figure 4(c) ). The dTMP nucleotide is in an unstrained conformation with the pyrimidine base anti to a C-3'-endo ribose sugar. The plane of the dTMP base lies parallel to that of the pterin rings but with only very slight overlapping of the ring systems. The nucleotide phosphate is firmly coordinated by a † L. casei protein residue numbering is used. Residues contributed from the second monomer of the dimer are shown by a prime.
cluster of arginine residues (218, 178', 179') and Ser 219. The guanidinium group of Arg23, however, does not face the phosphate and is not involved in its coordination. Arg23 is known to be a thermally labile residue and has adopted several side-chain orientations in binary complex and unliganded crystal structures ; D.L.B., personal observations). In E. coli ternary complexes it is well ordered (Montfort et al., 1990) and hydrogen bonded to both the C terminus and an ordered water molecule (Matthews et al., 1990a) .
The crystalline enzyme is able to promote catalysis due to the orientation of residues involved in the reaction. Protein residue side-chains necessary for, or that significantly influence, catalysis are found in their conserved positions relative to the nucleotide. In particular, the NH 2 of Asn229 (and His199) faces the O4 and N3 atoms of the pyrimidine base to which hydrogen bonds are formed. The side-chain of Asn229 forms a salt bridge with the imidizole of His199, implicating a role for His 199 in aiding catalysis by influencing the orientation of Asn229. The backbone hydrogen of Asp221 hydrogen bonds to the dTMP base's O2 atom, and the hydroxyl group of the Tyr261 side-chain may form a long hydrogen bond to O3' of the ribose. Similar to other TS ternary complex structures, the imidizole of His259 helps to influence the orientation of the ribose via a hydrogen bond to the O3' atom . The dTMP nucleotide is not judged to be covalently linked to the protein because its C6 atom lies more than 3 Å from the reactive thiol group of Cys198, although electron density maps show continuous density between the two. Water molecules within the active site cavity are probably involved in the enzymatic reaction. The X-ray structure of the product complex reveals a coordination of water molecules to protein residues that is important for the catalytic conversion of dUMP to dTMP. Mutation of Glu60 greatly compromises enzymatic activity for both E. coli and Lactobacillus casei TS Huang & Santi, 1994) . While distant from the nucleotide in the active site, the side-chain of Glu60 exerts its catalytic effects through the mediation of a well-ordered water molecule (labeled Wat I in Figure 4 (c) located between it and the Asn229, to protein of ternary complex: distances between atomic positions of equivalent atoms within each segment were added together and this sum was divided by the number of atoms within the segment. a Distance for corresponding ECTS ternary complex (Montfort et al., 1990) . b Distance for corresponding ECTS ternary complex (Fauman et al., 1994) .
His199 side-chains. This water molecule is hydrogen bonded to the O e1 oxygen of the Glu60 side-chain and also forms a long hydrogen bond to the side-chain amine of Asn229 (3.7 Å ) as well as to the O4 of dTMP (3.7 Å ). A long polar interaction (4.8 Å ) between Wat I and the His199 side-chain completes clustering of Glu60, Asn229, and His199 side-chains about the pyrimidine base. Another water molecule is relatively close (<3.5 Å ) to the C7 methyl group of dTMP and is displaced by about 1 Å relative to the analogous water molecule in the substrate/dUMP complex. This water molecule (labeled Wat C7 in Figure 4(c) ) is hydrogen bonded to the Tyr146 hydroxyl group. Steric conflict between Wat C7 and the transferred methylene during catalysis may be used to distinguish dUMP from dTMP (Fauman et al., 1994) . This water molecule may also be involved in the dehalogination reaction of dUMP brominated at the C5 position (Liu & Santi, 1993) , since it is close enough to allow for the formation of the corresponding halogen acid (Garret et al., 1979) . The C7 methyl group of dTMP is relatively close to one of the Leu195 side-chain carbon atoms (3.4 Å ). This may suggest that Leu195 is involved in stabilizing the formation of dTMP via hydrophobic interactions with the nascently transferred methylene group to C5 of the pyrimidine base. Leu195 may also be a factor in orienting the dTMP pyrimidine base for subsequent release from the active site. Diffusion of CH 2 H 4 folate into the co-crystal allows it to reach the enzyme's active site and bind in a manner favorable for catalysis. The pterin moiety of the cofactor binds to the enzyme in a way that favors the methylene and hydride transfers. The N5 atom of DHF faces the plane of the dTMP base in an orientation that suggests prior methylene transfer to C5 of dUMP. This is also true for the pterin's C6 atom, which once held the hydride transferred to reduce the methylene. The N10 atom of the pterin lies directly over and in a plane almost perpendicular to C7 of the dTMP base. The indole rings of Trp82 and Trp85 stack around the pterin, and the exocyclic amine of the pterin is hydrogen bonded to Asp221 O d . Trp82 stabilizes the positioning of the Glu60 side-chain by making a hydrogen bond at N e1 -H (Finer- Montfort et al., 1990) , although this interaction is not necessary for catalysis, since E60A and E60L mutants still show some activity (Huang & Santi, 1994) .
The glutamate and PABA moieties of the cofactor are not directly involved in catalysis. These two moieties are distant from the nucleotide and are most probably involved in the general positioning of the molecule within the active site cavity. The glutamate of DHF appears firmly bound to the protein at its binding site and is surrounded by several basic residues that counter its negative charge. The PABA moiety is surrounded by hydrophobic residues Leu224, Ile8 and Phe228 and its orientation in the active site, while making it parallel to the Phe228 side-chain plane, gives it and the entire folate molecule a sense of fluidity as if the cofactor had been trapped (within the crystal structure) in a moment of intermolecular motion. The region of the PABA ring yields the least convincing electron density for the complex in general. When the positions of DHF and dTMP are taken together, one gets the impression that both molecules are approximating a stage in the TS reaction where they are about to leave the active site (DHF more so), in contrast to the E. coli wild-type TS·dUMP·CB3717 ternary structure, where there is much more overlap of the pyrimidine base and pterin ring systems (Montfort et al., 1990) . Stacking of the nucleotide base to the pterin ring aids proper orientation of both to facilitate enzymatic catalysis (Montfort et al., 1990; Perry et al., 1993) .
Discussion
The initial non-productive binding site for folate
We propose that TS binds the cofactor at a chaperone site, and that interactions between cofactor and protein aid in transferring the pterin ring into the productive catalytic site while facilitating ring opening in a critical step in the catalytic reaction. This alternate site is similar to that found for CB3717 in E. coli TS complexes. However, in that structure a cysteine residue that is not in the active sites of the dimer, present in E. coli TS but not in the L. casei TS analyzed here, had been either oxidized or modified by reaction with b-mercaptoethanol. In our case there is no equivalent cysteine residue present in the L. casei enzyme and continuous maintenance of reducing potential, by DTT, precludes this particular modification. Therefore, binding at the alternate site by the cofactor, in a highly conserved cavity deeply buried in the enzyme, argues that this site is functional, and not artifactual as it could have been in the E. coli analysis. The hypothesis suggesting that this is a biologically meaningful initial binding site may be further tested by studying mutations within the region that, with this hypothesis, would be expected to decrease significantly the rate of cofactor binding. It has long been suggested that CH 2 H 4 folate binds to TS with an intact imidazolidine ring, and that strain incurred by less-than-ideal fit into the cofactor binding site contributes to ring opening Matthews et al., 1990b) . As evidence for such a mechanism, it was noted that when CH 2 H 4 folate is docked with its solution conformation (Poe et al., 1979) into the E. coli TS active site, with its pterin ring in a productive orientation relative to the dUMP pyrimidine base as seen in crystal structures of TS ternary complexes, there are unacceptable contacts between the protein and the PABA-glutamate moiety (Matthews et al., 1990b) . These contacts, it was postulated, could be relieved by breaking the N10 to C11 bond to form the iminium ion intermediate (Matthews et al., 1990b) , close to the rate-limiting step of the reaction (Bruice & Santi, 1982) .
The structure of the TS complex shows that the CH 2 H 4 folate molecule with the initially closed imidazolidine ring can bind the enzyme with its pterin ring at a highly conserved alternate site. This conformation differs from the proposed NMR/solution conformation in that the PABA-glutamate moieties are oriented towards the pterin rather than away from it. The six-membered tetrahydropyrazine ring, however, is still found in a half-chair conformation. Since the closed conformation of CH 2 H 4 folate in the crystal to some degree resembles its solution conformation, the alternate pterin site is likely to be part of the initial binding site for the cofactor. The carboxyl oxygen atom of the Glu60 side-chain is 3.5 Å from N10 of the imidazolidine ring and is well-oriented to assist in protonation of this atom, which necessarily accompanies opening of the five-membered ring. Thus Glu60, which assists in breakdown of the transition state complex (Huang & Santi, 1994) , may also have a role in the opening of the imidazolidine ring, as proposed earlier (Matthews et al., 1990b) . Opening of the imidazolidine ring and movement of the pterin ring into a productive mode for catalysis are presumably accompanied by the conformational change that completely closes the active site cavity and blocks the space occupied by the pterin ring in the initial ternary complex.
The initial, alternate site for the pterin may therefore serve as a chaperone site for the pterin before the initiation of catalysis. Binding at this position may presage catalysis, since this forces the substrate nucleotide too far from the active site Cys198 for covalent bond formation. The observed non-competitive inhibition of TS by folate analogs such as CB3717 (Pogolotti et al., 1986) and methotrexate (Chello et al., 1976) may be due to binding at the alternate site of one monomer of the dimer. The binding of these analogs at one active site might transmit structural changes to the active site of the other monomer that may hinder catalysis.
While a monomer is the asymmetric unit for this crystal's space group, the enzyme itself exists as an obligate dimer and there is chemical evidence that each active site can operate independently (Bradshaw & Dunlap, 1992) , although both carboxy termini of the dimer must be intact (Cisneros et al., 1993) . It is therefore possible that pterin binding to the alternate site may be preferred for one monomer while the other is actively engaged in catalysis. This is indirectly supported by experimental results showing that the nucleotide inhibitor FdUMP (which mimics dTMP) dissociates from the dimer asymmetrically with respect to active sites (Pogolotti et al., 1986) and that full activity is measured for asymmetric E. coli TS mutant dimers with only one active site able to catalyze the reaction (Maley et al., 1995) . It would be easier for a pterin moiety to bind at the alternate site and affect the pyrimidine base positioning of dUMP before formation of the Michael adduct. Alternate site binding of the pterin would then precede product formation.
Movement of the C terminus can occur independently of more global conformational changes that close the active site for catalysis
Diffusion of CB3717 into crystalline TS-bound dUMP induces a change in the C terminus of TS, but fails to evoke the major conformational change that accompanies folate binding in solution. Apart from movement of the C terminus, only relatively minor conformational changes in highly conserved residues within the protein, such as His199 and Trp85, are necessary to allow for non-disruptive diffusion of CB3717 into binary complex crystals and binding at the active site. In contrast, the structures of co-crystallized ternary complexes, where C6 of dUMP is covalently bound to Cys198, show multiple shifts of segments of the protein relative to unliganded TS, which serve to close the active site and sequester the ligands from bulk solvent (Montfort et al., 1990) . The C terminus is but one of many segments of chain that move, although its movement is the most dramatic.
Initially, CB3717 acts as a competitive inhibitor of CH 2 H 4 folate during a rapid pre-equilibrium formation of an initial ternary complex. Later, non-competitive inhibition kinetics are observed and a ternary complex is isolatable on nitrocellulose filters (Pogolotti et al., 1986) . The current LCTS·-dUMP·CB3717 crystal structure may represent a stage of TS/ligand interactions indicative of the initially observed competitive inhibition against the binding of folate cofactor in its catalytically functional site. The diffusion complex may also represent a point on the reaction pathway that would just precede the formation of a covalent ternary complex. Tykarska et al. (1986) diffused CH 2 H 4 folate into P6 1 22 crystals of L. casei TS-FdUMP with cell constants a = 78 Å and c = 242 Å . In that case, crystals turned yellow and the c-axis decreased in length to 235 Å suggesting that the folate was bound somehow in the crystals. The change in unit cell suggests that a larger conformational change occurred in this diffusion complex than in the complexes whose structures are reported here. However, no structure was reported for the Tykarska et al. (1986) diffusion complex.
Catalysis can take place within the L. casei TS crystals
In one experiment substrates were presented to the crystalline enzyme, but products were seen in the crystal structure. The diffusion method employed in these experiments assumes that cofactor or folate analog molecules are able to diffuse into TS·dUMP co-crystals and bind at the enzyme's active site (productively for folate). It is most probable that dTMP was formed in the crystal and not in the hanging drop solution: since (1) a low concentration of folate was added, so that any non-crystalline dTMP would have been competed out by the great excess of dUMP; and (2) dUMP binds to TS three to seven times more strongly than does dTMP (Santi & Danenberg, 1984) so it would be difficult for dTMP to dislodge dUMP from TS liganded at both monomers before and after crystallization. This implies that the nucleotide conversion occurred within the crystal. Thus, while the global conformational changes that close the active site are essential for normal catalysis, the reaction may occur at a slow rate in the absence of these changes. This result suggests that the non-covalent diffusion complexes are mechanistically relevant species along the reaction pathway.
Product complex structure indicates how products may dissociate from the protein
The wild-type E. coli (Fauman et al., 1994) and our L. casei TS product complexes share similarities in active site structure, particularly for ordered water molecules and orientation of dTMP. Wat C7 of the E. coli product complex influences the binding of dTMP to the enzyme, since its displacement, via the dTMP C7 methyl, decreases the enthalpic energy of the complex by a loss of hydrogen bonds (to the water) with only a small increase in the entropy of the water positioning. This may favor the release of the product nucleotide from the enzyme (Fauman et al., 1994) . The L. casei product complex has a similar water molecule positioned near the dTMP C7 group. This water is close enough to a neighboring water molecule to allow for hydrogen bonding or networking between the two, and it is also within hydrogen-bonding distance of the Tyr146 side-chain hydroxyl group. Therefore, in the L. casei diffusion complex this water molecule may not have as great a propensity to disrupt dTMP binding at the active site, or else the L. casei structure represents the product complex as the ligands are in the process of being released. It is possible, however, that the departure of dTMP is inhibited due to the stability of the crystal lattice, which could favor movement of the Wat C7 relative to movement of dTMP. The structure trapped in the L. casei crystal represents a fairly stable environment, emphasized by the relatively low temperature factors of the product complex for the nucleotide (Table 3) , which could be a prerequisite to its leaving the active site.
The dTMP orientation at the active site suggests that a substrate nucleotide (dUMP) is held in a similar position during catalysis. An apparent cause of inactivity of L. casei TS with its C terminus truncated by one residue, based on the ternary complex structure, is the inability of folate binding to induce rotation of the nucleotide base to form the usual conformation. In that mutant ternary complex the nucleotide is pivoted 020°about the 3'-hydroxyl group compared to dUMP in wild-type TS binary and ternary complexes . This contrasts sharply with the favorable anti base orientation of dTMP in the L. casei product complex, even though the folate positioning is similar and the C terminus is in a partially ''closed'' orientation. The two complexes taken together show that the C-terminal change that accompanies folate binding is necessary to allow pterin stacking against the base plane to initiate catalysis, but does not inhibit further folate movement during and after product formation.
The ECTS product complex (Fauman et al., 1994) shows the DHF molecule to be in a more extended orientation of the glutamate with the pterin compared to the folate conformation seen in the LCTS product complex. The DHF conformation in the L. casei product complex resembles that found for CH 2 H 4 folate in the ternary complex with LCTS and FdUMP where the TS lacks the key carboxy-terminal COO − . There is much less overlapping of the pterin and the pyrimidine rings compared to that found in other TS ternary complexes. The PABA ring of the folate does not make van der Waals' contact with the Phe228 side-chain, a hydrophobic interaction usually seen in TS ternary complex structures formed by co-crystallization , even while the monoglutamate moiety remains anchored to its binding site. Therefore, the structure suggests possible initial stages of folate release from the enzyme and supports the chemical finding that (in an ordered reaction) folate leaves the active site before dTMP (Danenberg & Danenberg, 1978) . The conformation adopted by folate in the preformed LCTS·dUMP co-crystal (Figure 4(c) ) might be related to the formation of the necessary 5-iminium ion (pterin) intermediate at the active site, or it might be a consequence of the diffusion process. It may also be specific for folate binding to L. casei TS complexes in general.
The Arg23 and Tyr261 side-chains, key conserved interacting groups that participate in the setup of the active conformation, are also found in unusual positions. The guanidinium group of Arg23 interacts with neither the dTMP nucleotide nor the folate pterin, remaining close to the C terminus and distal to the nucleotide phosphate. Its normal position in a ''closed'' active site is taken by a well-ordered water molecule that hydrogen bonds to one of the terminal carboxylic acid oxygen atoms. The position of Arg23 in the current complex resembles that taken by this residue in the LCTS ternary complex where the TS has a C-terminal deletion , which is characterized as having a partially open enzyme conformation that is not competent for catalysis. Tyr261, which normally hydrogen bonds to the O3' hydroxyl group of the nucleotide ribose, has rotated farther away from dTMP and is hydrogen bonded to the Thr24 side-chain hydroxyl group. The pivotal roles of Arg23 and Tyr261 in TS are demonstrated by the fact that mutations of these residues severely compromise enzymatic activity (Climie et al., 1990; Michaels et al., 1990; Zhang et al., 1990) . We therefore propose that the movement of the Arg23 and Tyr261 side-chains tracks a path of exit for the folate and thus signals the initial stages of the ''reopening'' of the enzyme for product release.
Methods
Crystallization and data collection
Crystals of the wild-type L. casei TS·dUMP binary complex were grown in hanging drops at pH 7.4 and concentrations of ammonium sulfate precipitate from 1% to 2% as we described (Hardy et al., 1987) . The crystals adopted a bipyramidal habit typically seen for liganded L. casei TS, with space group P6122. Water dilutions of stock solutions of either CB3717 (Ki = 1.1 nM; Jones et al., 1981) or (6-R)-CH2H4folate (Km = 10.0 mM; Liu & Santi, 1993) at 10 mM DTT were made and 1 ml samples were added to 4 ml hanging drops. The highest folate or analog concentrations were determined that did not either dissolve or degrade crystals, due to a conformational change in the protein to the point of disallowing X-ray data collection. The final concentration of CB3717 was 020 mM. The TS·dUMP crystals tended to tolerate concentrations of CB3717 fivefold higher than those for folate cofactor. Crystals that remained intact were allowed to stand for no more than two days after folate additions or one week after CB3717 additions before mounting in capillaries and X-ray diffraction. Crystallographic intensities were recorded at room temperature on an RAXIS II image plate detector system using CuKa X-rays from a Rigaku rotating anode generator. Crystal decay due to folate or CB3717 diffusion resulted in the collection of relatively incomplete data for each crystal (Table 3 ) and, since the conditions for diffusing folates into the crystals were not exactly reproducible, we did not merge data sets from different crystals. Data were reduced using software provided by RAXIS (Higashi, 1990; Sato et al., 1992) . Because structure factor data in each case are only 50 to 60% complete, there is a poor sampling of high resolution data, which may contribute to an effective resolution considerably lower than 2.5 Å . The placement of some solvent molecules may be suspect, although they are based on the agreement of 2Fo − Fc and Fo − Fc omit maps at 3.0 Å .
Structure solution and refinement
The complex structures were solved by difference Fourier techniques (Chambers & Stroud, 1977) using protein phases (acalc) from the highly refined L. casei structure of TS·dUMP . Evidence for ligand positioning was found by densities in initial 2Fo − Fc maps which also suggested a shift of the C terminus, which is known to occur for TS upon folate binding. Inclusion first of dUMP and later of folate molecules was followed by successive rounds of positional and simulated annealing refinements using X-PLOR (Brunger et al., 1987) , combined with manual rebuilding using the Frodo graphics program (Jones, 1985) , and calculation of new 2Fo − Fc, Fo − Fc and simulated annealing 2Fo − Fc omit maps to confirm ligand positioning. Inclusion of water molecules and refinement of restrained individual thermal factors were done as last steps. Table 3 gives a summary of the data collection and refinement statistics.
Comparison of structures
For comparison of the ternary complexes described here with other complexes of E. coli or L. casei TS, a common core between compared structures was identified and used for least-squares alignment. Difference distance matrices were used to identify the common cores, which are defined as the largest set of a-carbon atoms, each atom within 10 Å of another atom in the core, whose distances from each other did not change by more than 20.5 Å between the compared structures (Montfort et al., 1990) .
Deposition of coordinates and structure factors
Coordinates and structure factors have been deposited in the Brookhaven Protein Data Bank under the following identification codes: 1LCA and R1LCASF for the folate analog complex, 1LCB and R1LCBSF for the product complex, 1LCE and R1LCESF for the substrate complex.
